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Maximal ratio combining performance analysis in
practical Rayleigh fading channels
D.B. Smith and T.D. Abhayapala
Abstract: The authors present a novel theoretical method to analyse the maximal ratio combining
(MRC) receivers using BPSK and M-PSK modulation in spatially correlated Rayleigh fading
channels, with perfect and imperfect channel knowledge, in terms of antenna array conﬁguration
and parameters of scatterer distributions. In this analysis closed form expressions for error
probabilities of these modulations with MRC are derived, allowing for non-distinct eigenvalues
from the channel gain correlation matrix. The results of performance analysis assuming different
receiver conﬁgurations and scattering scenarios presented give valuable insight into the
performance of MRC in practical Rayleigh fading scenarios for isotropic and non-isotropic
scatterer distributions.
1 Introduction
Maximal ratio combining represents a theoretically optimal
combiner over fading channels as a diversity scheme in a
communication system. Theoretically, multiple copies of the
same information signal are combined so as to maximise the
instantaneous SNR at the output [1].H o w e v e r ,s y s t e m
designs often assume that the fading is independent across
multiple diversity channels. Physical constraints often
restrain the use of antenna spacing required for independent
fading across multiple antennas [2]. Therefore it is necessary
to consider spatial correlation characteristics between the
antennas.
Maximal ratio combining (MRC) of correlated fading
signals with binary phase-shift keying (BPSK) has ﬁrst been
considered by Pierce and Stein in [3]. MRC of correlated
fading signals with PSK modulation has been further
considered in [4–7].I n[7] results are given for maximal ratio
combining for complex Gaussian fading channels with
correlated diversity for BPSK in Rician and Rayleigh
fading. This paper extends the above work by establishing
closed form expressions for performance in terms of the
antenna array and scattering environment.
If we do not assume perfect channel knowledge, i.e. the
channel coefﬁcients are not known at the receiver, then they
must be estimated either by the use of known pilot signals
or in a blind manner. This can have a deleterious effect
on the performance of MRC. Following from [8, 9] the
physical characteristics of scatterer distributions and
the antenna array inputs to the combiner are related to
the performance of MRC in such typical scenarios
assuming BPSK signalling.
In [10] expressions are given for the spatial correlation of
distributions of scatterers which can be applied to various
non-isotropic scatterer distributions over multiple antennas.
In this paper the spatial correlation formulation in [10] is
applied with maximal ratio combining of PSK modulation
to typical antenna conﬁgurations for three to six receive
antennas in two typical non-isotropic Rayleigh fading
environments, and a Rayleigh isotropic scattering scenario.
However, the method developed in this paper can be
applied to an arbitrary number of antennas in an arbitrary
geometry and for an arbitrary scatterer environment.
We develop a closed form expression for the bit error
probability (BEP) for BPSK modulation, related to a
generalised correlation function expression for perfect
channel knowledge. Unlike the previous formulation,
[3, 7], the closed form expression for the BEP allows for
non-distinct eigenvalues in the covariance matrix of the
channel gains. This is expanded to a closed form expression
for the probability of symbol error (SEP) for M-PSK
modulation where there may be non-distinct eigenvalues in
the covariance matrix of the fading gains.
In recent work a closed-form expression for the BEP was
derived for BPSK signalling and imperfect channel knowl-
edge with distinct eigenvalues in the covariance matrix [8].
However, for the case of non-distinct eigenvalues in the
covariance matrix a non-closed-form expression is used in
[9]. The non-closed-form expression also applies when the
pilot signal-to-noise ratio (SNR) equals the data SNR.
2 System model
Let us consider the operation of an L-branch maximal ratio
combiner (MRC) on correlated Rayleigh fading channels.
The combiner input from the ‘th branch of an L branch
MRC receiver is given by
y‘ðtÞ¼g‘ðtÞuðtÞþn‘ðtÞð 1Þ
where g‘ðtÞ is the complex Gaussian channel gain, u(t)i st h e
transmitted information signal and n‘ðtÞ is the additive
white Gaussian noise (AWGN).
Let us write the vector of channel gain g¼[g1,y,gL]
T,
the vector of noise v¼[n1,y,nL]
T, and the vector of the
received signal y¼[y1,y,yL]
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distribution with covariance R ¼ Efggwg where E{ }
denotes the mathematical expectation and :w denotes the
complex conjugate transpose. Also note that
vn   NCð0;s2
vILÞ,w h e r es2
v is the equal noise variance at
each branch and IL is the identity matrix of size L.
Let ^ g‘ be the estimate of the channel gain of the ‘th ﬁnger
and ^ g‘ ¼½ ^ g1;...;^ gL . In MRC, the signal received from
each decision branch is multiplied by the complex conjugate
of the corresponding estimate of channel gain and summed
together to give a decision variable:
dðtÞ¼^ g
Hy ð2Þ
Since only a quasi-static analys i si sb e i n ga p p l i e di nt h i s
paper we discard the time index from this point forward.
2.1 Spatial correlation
In this Section we show the connection between the
elements of the covariance matrix R of the channel gains
and the spatial correlation of the signal received at the two
branches of the combiner.
Let the ‘th and ‘0th antennas be located at points x‘ and
x‘0. Then the spatial correlation between the received signal
(without noise) at the ‘th and ‘0th antennas is given by
r‘;‘0 ¼
Efz‘z 
‘0g
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Efjz‘j
2gEfjz‘0j
2g
q ð3Þ
where z‘ ¼ g‘u. By assuming slow fading, it can be shown
that
r‘;‘0 ¼
Efg‘g 
‘0gs2
u
  gs2
v
ð4Þ
and similarly
  g ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Efjg‘j
2gEf g‘0 jj
2g
q
s2
u
s2
v
ð5Þ
where   g ¼ g‘, and thus Efjg‘j
2g¼Efjg‘0j
2g,f o ra l l‘,i st h e
equal average SNR at the input to each branch, s2
u is the
transmitted signal power and s2
v is the equal noise power at
each branch. Without loss of generality we assume s2
u ¼ 1,
and s2
v ¼ 1 for mathematical convenience.
Now we use (4) to express elements of the covariance
matrix ðR ¼ EfggwgÞ of channel gains as
Rð‘;‘0Þ¼  gr‘;‘0 ð6Þ
In physical channel modelling, if the scattering ﬁeld is
restricted to the horizontal plane, the correlation between
the received signal at two branches is given, [10],b y
r‘;‘0 ¼
X 1
m¼ 1
jmCmJmðkx ‘   x‘0 kk Þ ejmf‘;‘0 ð7Þ
where Jmð Þ is the mth order Bessel function of the ﬁrst kind,
k¼2p/l, fl;l0 is the angle of the vector connecting x‘ and x‘0
and
Cm ¼
Z 2p
0
PðfÞe jmfdf ð8Þ
where P(f) is the normalised average power received from
the direction f. Common angular power distributions
are the (i) Von Mises, (ii) Laplacian, (iii) Gaussian and
(iv) uniform limited azimuth distribution and the corre-
sponding sets of Cm are derived in [10]. For the Von Mises
distribution we have
Cm ¼ e jmf0 I mðkÞ
I0ðkÞ
where ImðkÞ represents the modiﬁed Bessel function of the
ﬁrst kind, k is a parameter representing the degree of
nonisotropy and f0 represents the mean direction. For the
Laplacian distribution we have
Cm ¼ e jmf0 ð1  ð   1Þ
dm=2exFmÞ
ð1 þ s2m2=2Þð1   xÞ
where x ¼ e p=ð ﬃﬃ
2
p
sÞ; Fm ¼ 1f o rm even; and Fm ¼ ms=
ﬃﬃﬃ
2
p
for m odd. Both the Laplacian and Von Mises distributions
will be analysed in Section 5.
In the remainder of the paper we use (6) and (7) to derive
performance analysis expressions in terms of antenna array
conﬁguration and parameters of scatterer distributions.
3 Bit-error-probability (BEP) of BPSK signalling
with MRC
For BPSK, let the transmitted data information symbols in
(1) be u(t)2{+s, s}.
3.1 BEP of BPSK with perfect channel
knowledge
Let us consider the case where we have perfect channel-state
information. Then the channel estimate ^ g ¼ g.
The bit-error-probability (B E P )o ft h eM R Cc a nb eg i v e n
as [7]:
Pb ¼
1
p
Z p=2
0
det
R
sin
2 y
þ I
    1 "#
dy ð9Þ
where R ¼ Efggwg as deﬁned previously. In the L-branch
combiner suppose ð1=  gÞR has N distinct eigenvalues,
l1;y;lN such that NrL; then following from [7],w h e r e
now we are accounting for a possible multiplicity of
eigenvalues,
det
R
sin
2 y
þ I
    1 "#
¼
X N
n¼1
X mn
s¼1
bs;n
  gln
sin
2 y
þ 1
    s
ð10Þ
where mn is the multiplicity of each eigenvalue ln,s u c ht h a t PN
n¼1 mn ¼ L and, using a result from [11],t h enth residue
of multiplicity s, bs;n,i s
bs;n ¼
dmn s
dxmn s
Y
i6¼n
1  
li
x
    mi
()
jx¼ln
ðmn   sÞ!cmn s
n
ð11Þ
where cn ¼   gln.
From (9) we then have
Pb ¼
1
p
Z p=2
0
X N
n¼1
X mn
s¼1
bs;n
cn
sin
2 y
þ 1
    s
dy ð12Þ
We use a result from [12],
1
p
Z p=2
0
cn
sin
2 y
þ 1
    s
dy ¼ PnðcÞ
s X s 1
k¼0
s   1 þ k
k
  
 ½ 1   PnðcÞ 
k ð13Þ
where
PnðcÞ¼
1
2
1  
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
cn
1 þ cn
r   
756 IEE Proc.-Commun., Vol. 153, No. 5, October 2006to obtain the following expression for Pb:
Pb ¼
X N
n¼1
X mn
s¼1
bs;nPnðcÞ
s X s 1
k¼0
s   1 þ k
k
  
½1   PnðcÞ 
k
ð14Þ
When there is independent and identically distributed (i.i.d.)
Rayleigh channel fading (14) reduces to [13, Eqn. (27)].
We can use (4) and (5) to theoretically construct
correlation matrices for different scatterer distributions.
After calculation of eigenvalues from the constructed
correlation matrix we can use (14) to theoretically evaluate
MRC performance against different scatterer distributions
and geometries.
3.2 BEP of BPSK with MRC and imperfect
channel knowledge
In this Section, we assume that the receiver does not have
perfect channel state information. The noisy channel
estimate ^ g is obtained by maximum-likelihood (ML)
channel estimation using a block of M pilot symbols u
ðpÞ
t 2
þsp; sp
  
with variance s2
p.T h i si sg i v e ni n[14]:
^ g ¼ g þ
1
Ms2
p
X M 1
t¼0
u
ðpÞ 
t nðtÞð 15Þ
where as in the previous section n(t)r e p r e s e n t sA W G N .
The following bit error probability for BPSK is given
from the closed form expression derived in [8] assuming
distinct eigenvalues in the correlation matrix. The subse-
quent derivation, which gives a non-closed-form expression,
[9], is for the case where there may be non-distinct
eigenvalues in the correlation matrix.
If we deﬁne
rn ¼
^ gn
yn
  
;A ¼
1
2
01
10
  
  IL ð16Þ
where # is the Kronecker product, we obtain the 2L
eigenvalues, ml,o fAKr,w h e r eKr ¼ Efrnrw
ng is the
(2L 2L) covariance matrix of rn. The decision variable
can be expressed as dn ¼ rw
nArn in Hermitian quadratic
form. Then, assuming distinct eigenvalues, the bit error
probability is obtained from the pdf of dn by integration as
Pb ¼
X 2L
‘¼1
m‘o0
Y 2L
k¼1
k6¼‘
m‘
m‘   mk
ð17Þ
If there are non-distinct eigenvalues, m‘, or the eigenva-
lues are very closely spaced and hence the evaluation of (17)
becomes numerically unstable, then the bit error probability
(BEP) can be calculated directly from the characteristic
function of dn, [9],a s
Pb ¼
1
2
 
1
p
Z 1
0
Im
1
o
Q 2L 1
l¼0
ð1   jom‘Þ
8
> > > <
> > > :
9
> > > =
> > > ;
do ð18Þ
The eigenvalues, m‘, in (17) and (18) can be found from the
eigenvalue decomposition of
1
  g
RR þ IL
R þ   g
gp IL R
2
6 4
3
7 5 ð19Þ
where as in the previous section R ¼ Efggwg,a n d
gp ¼
s2
p
s2
v
ð20Þ
represents the effective pilot-signal-to-noise ratio. Note that
if gp ¼   g then (18) should be used rather than (17).
4 Symbol-error-probability of M-PSK with MRC
and perfect channel knowledge
The results for the BEP of BPSK for MRC in a Rayleigh
fading channel can be extended to the probability of symbol
error (SEP) of M-PSK in a Rayleigh fading channel in a
straightforward manner (this is for the assumption of
spatial correlation with perfect channel knowledge). Fol-
lowing from [7], the probability, Ps, can be written for
M-PSK in a Rayleigh fading channel as,
Ps ¼
1
p
Z ðM 1Þp=M
0
det
Rsin
2ðp=MÞ
sin
2y
þ I
       1
dy ð21Þ
If there is a possible multiplicity of eigenvalues, then Ps can
be written as
Ps ¼
1
p
Z ðM 1Þp=M
0
X N
n¼1
X mn
s¼1
bs;n
  gln sin
2ðp=MÞ
sin
2 y
þ 1
    s
dy
ð22Þ
U s i n gar e s u l tf r o m[12], we obtain the following result
for Ps:
Ps ¼
M   1
M
 
X N
n¼1
X mn
s¼1
bs;n
1
p
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
cn
1 þ cn
r (
p
2
þ tan 1 a
  
 
X s 1
k¼0
2k
k
  
1
41þ cn ðÞ ½ 
k þ sin tan 1 a
  
 
X s 1
k¼1
X k
i¼1
Ti;k
1 þ cn ðÞ
k cosðtan 1 aÞ
   2ðk iÞþ1
)
ð23Þ
where cn ¼   glog2M   lnsin
2 p=M ðÞ , considering that   g is the
average SNR per bit on each channel and SEP is being
evaluated; bs;n is as deﬁned in (11),
a ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
cn
1 þ cn
cot
p
M
r
and
Ti;k ¼
2k
k
  
2ðk   iÞ
k   i
  
4i½2ðk   iÞþ1 
When there is i.i.d. Rayleigh channel fading, (23) reduces to
[13, Eqn. (21)].
5 MRC with standard antenna conﬁgurations
In this section we analyse the performance of some standard
antenna conﬁgurations as inputs to an L¼3t oL¼6
branch MRC in isotropic and some non-isotropic scattering
scenarios based on the results of the previous Sections.
Some general performance guidelines are obtained on the
basis of the BEP for BPSK signals assuming both perfect
and imperfect channel knowledge, and the SEP of 8-PSK
modulation. Note that the theory applied in this paper can
be applied to any number of antennas in any arbitrary
geometry.
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the uniform linear array (ULA). A range of antenna
apertures in wavelengths, l, are considered for the UCA,
where the aperture is the diameter of the UCA. A range of
antenna separations are considered for the ULA. For the
non-isotropic distributions, various angular spreads, sa,
deﬁned as the square root of the variance of the particular
distribution, are used in the analysis.
In all analyses we assume Rayleigh fading where the
average bit SNR, or data SNR, on each of the L channels
is considered to be the same, such that   g‘ ¼   g;‘¼ 1;:::;L
(as stated previously). In addition   g i sa s s u m e dt ob e1 0d B
except where noted otherwise.
5.1 Analysis for BPSK signals with perfect
channel knowledge
Figures 1–3 show the BEP of BPSK signals for an L¼3
branch, L¼4 branch and L¼6 branch MRC with different
scattering scenarios using a UCA as input where there is
perfect channel knowledge (thus the pilot SNR is effectively
NdB). In these three ﬁgures the angle of incidence from
broadside is b ¼ 60 .
It is clear that for both non-isotropic scattering scenarios
over a range of angular spreads there is a signiﬁcant
variation in the BEP. The BEP for an L¼4b r a n c hM R C
shown in Fig. 2 is approximately 100 times greater for an
angular spread sa ¼ 5  compared with sa ¼ 30  for both
non-isotropic scatterer distributions at a UCA antenna
aperture of 1l. There is a similar trend of degradation from
larger sa to smaller sa for Fig. 1 and Fig. 3.
It is demonstrated in Figs. 1–3 for the non-isotropic
scattering scenarios, that even with a large angular spread
there is degradation in the BEP when compared to that of a
uniform isotropic distribution. The non-uniform improve-
ment in the BEP of the uniform isotropic distribution as the
antenna aperture increases, which is most pronounced in
Fig. 2 for L¼4, may be attributable to the shape of the
zeroth order Bessel function of the ﬁrst kind correlation
model used for this distribution.
The results for the variation of BEP with angular spread
in Figs. 1–3 for the non-isotropic scatterer distributions may
be directly attributable to a decrease in the spatial
correlation. In [15] a decrease in spatial correlation is
shown as antenna spacing and/or angular spread increases
for non-isotropic distributions. The small variation of the
BEP for the same angular spread is also explained in [15] by
the distribution variance dominating correlation, and not
the choice of non-isotropic distribution.
The BEP for BPSK, with L¼6 branch MRC using a
ULA as input, which has a range of antenna separation (the
distance in wavelengths, l, between adjacent elements of the
ULA) is shown in Fig. 4. Similar trends are displayed as
compared with Figs. 1–3. However there are two note-
worthy differences. Firstly, for smaller array sizes, Fig. 4
shows a larger variation in BEP between the non-isotropic
scattering scenarios and the uniform scattering scenario.
The second difference is a uniform improvement in the BEP
where there is a uniform isotropic distribution for the ULA
when compared with the UCA.
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Fig. 1 Bit-error-probability (BEP) for an L¼3 branch maximal
ratio combining (MRC) of BPSK for Laplacian and Von Mises
distributions of various angular spreads, sa, angle of incidence from
broadside, b¼601, and a uniform isotropic distribution
Inputs to the MRC are from a uniform circular array (UCA), with
antenna aperture in wavelengths, l.M R Cf o rL i.i.d. channels is
shown for reference. Average SNR per bit on the ‘th channel,
  g‘ ¼10dB
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Fig. 2 BEP for L¼4 branch MRC of BPSK for Laplacian and
Von Mises distributions of various sa, b¼601, and a uniform
isotropic distribution,   g‘ ¼10dB
Inputs to the MRC are from a UCA. MRC for L i.i.d. channels is
shown for reference
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Fig. 3 BEP for L¼6 branch MRC of BPSK for Laplacian and
Von Mises distributions of various sa, b¼601 and a uniform
isotropic distribution,   g‘ ¼10dB
Inputs to the MRC are from a UCA. MRC for L i.i.d. channels is
shown for reference
758 IEE Proc.-Commun., Vol. 153, No. 5, October 2006Figure 5 shows relative performance of a 4 element UCA
and a 4 element ULA over angles of incidence to the MRC
inputs averaged over [0,2p)f o rv a r y i n gd a t aS N R ,  gl,f o ra
Laplacian distribution at the UCA and ULA with an
angular spread of 51. At smaller data SNR there is virtually
no performance variation between the UCA and ULA.
However there is a more noteworthy relative improvement
in performance of a UCA over a ULA as the adjacent
antenna separation gets larger and the data SNR increases.
5.2 Analysis for BPSK signals with
imperfect channel knowledge
Figure 6 shows similar trends to Fig. 2 for BEP of MRC
without perfect channel knowledge with a pilot SNR, gp,o f
15dB and L¼4 with all other parameters the same as in
Fig. 2. There is a uniform reduction in bit-error-probability,
with only a slight variation in the trend of degradation for
sa ¼ 5  at the larger antenna aperture.
Figure 7 shows the relative performance of a 4 element
UCA and the ULA over angles of incidence to the MRC
inputs averaged over [0, 2p) for varying pilot SNR, gp,w i t h
the average bit SNR (or data SNR),   g‘,ﬁ x e da t1 0d Bf o ra
Laplacian distribution at the UCA and ULA with an
angular spread of 51.
Figure 7 illustrates that the performance of the UCA and
ULA does not vary signiﬁcantly over a range of adjacent
antenna separation (l)f o rt h es a m egp (note that for a
UCA the adjacent antenna separation is the minimum
distance between array elements). However, performance
improvement using a UCA becomes more signiﬁcant than
the improvement using a ULA as the pilot SNR increases
and the adjacent antenna separation increases.
As in Fig. 5, Fig. 8 shows the relative performance of a 4
element UCA and a 4 element ULA over angles of
incidence to the MRC inputs averaged over [0, 2p)f o r
varying data SNR,   g‘.I nF i g .8 ,t h ep i l o tS N R ,gp,i sﬁ x e d
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Antenna separation (λ)
Laplacian
Von Mises
Uniform Isotropic
I.I.D. Channels
σa = 5o
σa = 15o
σa = 30o
10-6
10-7
10
-8
10-5
10-4
10-3
10-2
B
E
P
Fig. 4 BEP for L¼6 branch MRC of BPSK for Laplacian and
Von Mises distributions of various sa, b¼601 and a uniform
isotropic distribution,   g‘ ¼10dB
Inputs to the MRC are from a ULA. MRC for L i.i.d. channels is
shown for reference
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Fig. 5 BEP for L¼4 branch MRC of BPSK for Laplacian
distribution for sa¼51, angles of incidence, b averaged over values
from [0, 2p), for varying data SNR,   g‘
Inputs to the MRC are from a UCA and a ULA with uniform
adjacent antenna separation, l
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Fig. 6 BEP for L¼4 branch MRC of BPSK for Laplacian and
Von Mises distributions of various sa, b¼601, and a uniform
isotropic distribution,   g‘ ¼10dB, gp¼15dB
Inputs to the MRC are from a UCA. MRC for L i.i.d. channels is
shown for reference
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Fig. 7 BEP for L¼4 branch MRC of BPSK for Laplacian
distribution for sa¼51, angles of incidence, b averaged over values
from [0, 2p), for varying data SNR,   g‘ ¼10dB, varying gp
Inputs to the MRC are from a UCA and a ULA with uniform
adjacent antenna separation, l
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with an angular spread of 51.
Importantly, this analysis sh o w sas i m i l a rt r e n df o rF i g .7
and Fig. 8 of performance improvement, of a UCA relative
to the ULA, as the adjacent antenna separation increases.
This trend is demonstrated for increasing pilot SNR in
Fig. 7 and for increasing data SNR in Fig. 8. However in
Fig. 8 the BER performance improvement is clearly less
signiﬁcant as the data SNR is increased. There is a more
noticeable performance improvement in Fig. 5 for the case
of perfect channel knowledge, gp ¼1dB.
This analysis has been applied to a Laplacian distribution
but this trend also appears to be applicable to other
distributions, such as the Von Mises distribution, although
this trend is only for a small angular spread, sa, at the array.
At signiﬁcantly larger angular spreads, sa ¼ 15  for
instance, shown in Fig. 9, with all other parameters the
same as in Fig. 7, there is no noticeable improvement of a
UCA over a ULA as pilot SNR increases or as antenna
aperture increases.
5.3 Analysis for M-PSK signals with perfect
channel knowledge
Figures 10 and 11 show very comparable trends for the
symbol error probability (SEP) for 8-PSK modulated
signals, to the BEP for BPSK signals with perfect channel
knowledge, which is intuitive. Results using an L¼6b r a n c h
UCA are shown in Fig. 10, and results for an L¼6b r a n c h
ULA are shown in Fig. 11.
6 Conclusions
A theoretical method has been established to evaluate the
performance of MRC receivers using BPSK and M-PSK
modulation in correlated channels, in terms of antenna
a r r a yg e o m e t r ya n ds c a t t e r e r distributions. Results of
performance analysis for MRC, using PSK modulation in
Rayleigh fading channels assuming spatial correlation at
the receiver, have also been presented. This performance
analysis accounts for the antenna conﬁguration at
the receiver, the size and shape of the conﬁguration, and
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Fig. 8 BEP for L¼4 branch MRC of BPSK for Laplacian
distribution for sa¼51, angles of incidence, b averaged over values
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760 IEE Proc.-Commun., Vol. 153, No. 5, October 2006the distribution of scatterers around the receiver. The results
clearly demonstrate that there is a signiﬁcant variation in
performance when applying BPSK and M-PSK modulation
over a range of angular spread for non-isotropic scattering
scenarios. There is clear indication of the performance
degradation due to spatial correlation at the receiver,
dependent upon both the size and shape of the conﬁgura-
tion, and whether there is isotropic or non-isotropic
scattering in a Rayleigh fading channel.
Some variation in performance, although not large,
between a ULA and a UCA is also indicated at small
angular spreads for non-isotropic scattering scenarios. For a
ﬁxed number of antennas a ULA performs better for
smaller array sizes, and a UCA for larger array sizes. This is
indicated as the amount of channel knowledge increases for
an increase in data SNR, and vice-versa. This trend is not
repeated for larger angular spreads however.
The results outlined in this paper give useful insight into
aspects of practical implementation of MRC in Rayleigh
fading channels with typical antenna conﬁgurations and
modulation schemes. It is hoped that more understanding
of the effects of non-isotropy, antenna shape and size may
lead to better implementations of receivers for MRC in
Rayleigh fading channels.
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